Soybeans (Glycine max [L.] Merr.) respond to pathogens by producing isoflavonoid-derived phytoalexins. Chalcone synthase (CHS) is the first enzyme of the flavonoid/isoflavonoid biosynthetic pathway. We investigated changes in the steady state levels of CHS mRNA and other specific mRNAs at increasing times after inoculation in two different race-specific interactions, one between leaves and the bacterium Pseudomonas syringae pv glycinea (Psg), and one between roots and the fungus, Phytophthora megasperma f. sp. glycinea (Pmg). The amount of CHS mRNA increases significantly in soybean leaves inoculated with an avirulent race of Psg but not with a virulent race or water. In contrast, the increase in CHS mRNA is similar in roots inoculated with zoospores of either an avirulent or virulent race of Pmg. CHS mRNA increases significantly in pathogen inoculated roots but not in uninoculated controls. Hydroxyproline-rich glycoprotein (HRGP) has been observed by others to increase in wounded or pathogen-inoculated plants. We report here that HRGP mRNA levels are greater in roots inoculated with an avirulent Pmg race than with a virulent race, but inoculation with either race causes a significant increase in HRGP mRNA with respect to controls. Calmodulin or ubiquitin mRNA do not increase in either uninoculated or inoculated roots and leaves. The possibility that racespecific resistance in soybeans is expressed differently in different organs of the plant is discussed.
Soybeans (Glycine max [L.] Merr.) respond actively to pathogen stress by producing phytoalexins and other stress metabolites (13) . Stress metabolite production is correlated with resistance but is also observed in susceptible plants. In race-specific resistance, a cultivar is resistant to a particular race of the pathogen but susceptible to another. In a gene-forgene interaction, race-specific resistance is usually inherited as a single gene dominant trait in the host, and closely related avirulent and virulent races can be used to France. or susceptibility in a single host cultivar. Pmg4-soybean and Psg-soybean interactions are considered gene-for-gene interactions (6, 16, 17) .
The isoflavonoid-derived phytoalexins, glyceollin I-III, accumulate faster in resistant plants than in susceptible plants (1). CHS is the first enzyme in the flavonoid/isoflavonoid biosynthetic pathway (8) . Although CHS involvement in glyceollin biosynthesis is still under debate (4), CHS activity and mRNA amounts increase in soybean hypocotyls after inoculation with mycelium from an avirulent Pmg race (2, 24) or with Pmg zoospores from either an avirulent or a virulent race (7) .
We investigated changes in the steady state levels of CHS, HRGP, calmodulin, and ubiquitin mRNAs in Pmg-inoculated roots and Psg-inoculated leaves to identify early changes associated with race-specific resistance. The objectives were to study the early stages of the production of phytoalexins and stress metabolites in resistant and susceptible plants and to learn more about the role of these metabolites in racespecific resistance.
MATERIALS AND METHODS

Soybean Cultivars
Glycine max L. Merr. cv Pella was used for root inoculations with Pmg. Pella has the RpsJ gene which confers resistance to Pmg race 1 (avirulent) but not Pmg race 3 (virulent). G. max cv Harosoy was used for leaf inoculation with Psg. Cultivar Harosoy is susceptible to race 4 (virulent) and resistant to race 4avrA (avirulent), which is race 4 with the avirulence A gene from race 6 (17 
Growth of Pathogens
Pmg races were maintained on potato dextrose agar slants. For each experiment, material from the slant was plated onto clarified V8 agar 14 d prior to inoculation of the plants so that the inoculum used for each experiment was of the same physiological age. Zoospores were produced as described (15) . Cultures were incubated at 270C. Media were prepared as described (2 1).
Psg races were grown as described by Napoli and Staskawicz (17) . Overnight cultures were diluted 1:50 into fresh medium and incubated for a further 4 to 5 h. Cultures were harvested by centrifugation and resuspended in water to an optical density of 0.1 at 600 nm (approximately 108 bacteria/mL) for vacuum infiltration.
Molecular Probes
Phaseolus vulgaris CHS cDNA was obtained from Dr. C. J. Lamb, Plant Biology, Salk Institute, La Jolla, CA (22 expanded. One d before vacuum infiltration, seedlings were transferred to 100% relative humidity at 25°C to increase stomatal opening. Cups were inverted in a beaker containing 100 to 200 mL of Psg bacterial suspension and placed in a plastic bell jar. The bell jar was evacuated with a vacuum pump to a pressure of about 50 microns for 2 to 3 min or until the leaves appeared watersoaked. Plants were left at room temperature until water soaking had disappeared (about 3 h) and then incubated in a 100% humidity chamber in the germinator at 25°C under constant illumination. Two plants from each time point were kept as controls and were scored for symptoms 4 to 6 d after inoculation.
RNA Isolation
Root or leaf tissue was harvested into liquid nitrogen at various times after inoculation and stored at -70°C. Roots or leaves (approximately 2 g of roots and 3 to 4 g of leaves frozen weight per time point) were ground in liquid nitrogen in a mortar and RNA was extracted as in (18) . After determination of RNA concentration by A260; samples were ethanol-precipitated and redissolved in diethyl pyrocarbonate-treated water to a concentration of 10 ,ug/,L.
Poly(A+) RNA was separated from total RNA by affinity chromatography on Poly(U) Sepharose (BRL) or on oligo-dT cellulose (Pharmacia). Elution buffers and conditions were as described by the manufacturers. Typical yields for both methods were between 1 and 2% of total RNA as determined by A260.
Electrophoresis and Hybridization of RNA Twenty or 30 ug of total RNA was denatured in formaldehyde and formamide and subjected to electrophoresis on formaldehyde containing agarose gels (20) in a 20 mm Mops running buffer for 5 h at 100 V. RNA was transferred to nitrocellulose (26) . Prehybridization was in 5 x SSPE (0.75 M NaCl, 0.05 M NaH2PO4, 0.005 M Na2EDTA) (pH 6.5), 5 x Denhardt's solution (0.1% [w/v] bovine serum albumin, 0.1%
[w/v] polyvinylpyrrolidone, 0.1% [w/v] Ficoll 6000), 100 ,g/ mL sonicated herring sperm DNA, 0.1% SDS for at least 4 h at 58°C. Hybridization with nick-translated DNA fragments was in the same buffer at 58°C with the labeled probe at 5 ng/mL. Blots were washed, air-dried, and exposed to Kodak XAR film with DuPont intensifying screens at -70°C. Scanning densitometry of the autoradiographs was done with an LKB 2222-010 Ultrascan XL with Gelscan XL software.
RESULTS
Induction of mRNA in Pathogen Inoculated Leaves
Cultivar Harosoy, resistant to Psg race 4 avrA, responds to inoculation with a localized hypersensitive response in which the cells in contact with the pathogen die within 24 to 48 h of inoculation. Since vacuum infiltration brings the pathogen into the intercellular spaces of the entire leaf, necrosis, dry and silvery in appearance, is uniform throughout the leaf within 24 to 48 h. Cultivar Harosoy is susceptible to Psg race 4; no symptoms are seen in the first 48 h after vacuum infiltration. However, 3 to 4 d after infiltration with Psg race 4, a spreading chlorosis begins, and the leaf becomes yellow and eventually dies. Leaves vacuum-infiltrated with water show no symptoms over a 1 week period.
CHS mRNA amounts increased in leaves inoculated with Psg race 4 avrA (Figures 1 and 2) . Hybridization with the bean CHS cDNA gave a single band at about 1700 b, which is seen clearly on the 8 h exposure. In four separate experiments, the amount of CHS mRNA in leaves inoculated with either race 4 (susceptible) or race 4avrA (resistant) was quantitated by scanning densitometry. The scanning data from each film were normalized to the greatest amount of CHS mRNA found in the control plants, which had been vacuum- Relative intensities were normalized to the CHS mRNA amount in water-treated leaves at 18 h. Leaves were infiltrated with Psg R4avr4 (circles), Psg R4 (squares), or water (triangles).
infiltrated with water (Fig. 2) . When relative amounts of CHS mRNA in susceptible or resistant leaves were compared, race 4 avrA-inoculated leaves showed a greater amount of CHS mRNA than race 4-inoculated leaves in 15 of 17 of the time points.
The greatest amount of CHS mRNA was found 8 to 10 h after vacuum infiltration of leaves with race 4 avrA, well before symptoms of the hypersensitive response were visible. In two experiments with time points at 2, 4, 8, 18, and 40 h, the greatest amount of CHS mRNA was at 8 h, with 4-fold and 1 -fold greater amounts in leaves inoculated with race 4 avrA than with race 4. In an experiment with time points at 2, 4, 10, 18, and 40 h, the peak was at 10 h with a 4-fold greater amount of CHS mRNA in leaves inoculated with race 4 avrA.
Increases in CHS mRNA in race 4-inoculated leaves were more than 2-fold that of water-treated leaves in only two of ten time points in the same experiments. In two experiments with time points at 2, 4, 8, 18, and 40 h, CHS mRNA was greatest at 4 h. No peak could be determined in the other two experiments.
cDNA probes for other mRNAs were hybridized with the RNAs from the four experiments to determine the specific increase in CHS mRNA. Ubiquitin mRNA amounts showed some variability from time point to time point, but levels in the pathogen-inoculated leaves were not consistently different from those in the water-treated controls. Calmodulin mRNA amounts decreased after vacuum infiltration with bacteria or water. Hydroxyproline-rich glycoprotein mRNA was not detected in total RNA from leaves.
Changes in mRNAs in Roots after Pathogen Inoculation Cultivar Pella roots had a reddish brown necrotic area on the main root at 48 h after inoculation with Pmg race 1 zoospores. The formation of secondary roots was normal, and there were no symptoms of infection. Cultivar Pella roots inoculated with Pmg race 3 zoospores had a spreading, brown, soft necrosis on the main root at 48 h. Few secondary roots were formed and those were also brown and soft. About half of the seedlings also showed infection in the hypocotyl and cotyledons. Death of infected seedlings occurred within 3 to
Initial experiments spanned the period from 0 to 24 h, with widely spaced time points. CHS mRNA was induced in roots inoculated with zoospores ofeither Pmg race but not in watertreated controls. The greatest amount of CHS mRNA was seen in the first 12 h. In two separate experiments, CHS mRNA was measured at 1 h intervals for the first 4 h to determine if susceptible and resistant plants responded differently. In both experiments, CHS mRNA amounts were similar in race 1-and race 3-inoculated roots. The amounts of CHS mRNA shown in Figure 2 are not directly comparable with regard to determining the peak of the induction because they are from different experiments (see figure legend) . However, because at any one time point, the race 1 and race 3 samples are from the same experiment, the figure and graph
give an accurate representation of the relative induction of CHS mRNA by Pmg race 1 and race 3.
CHS mRNA increased in both Pmg race 1-and race 3- (Figs. 3 and 4) . The expected result was a greater increase in CHS mRNA in race 1-inoculated than in race 3-inoculated roots. However, in seven separate experiments, when the RNA from inoculated plants from 23 different time points was directly compared, the amount of CHS mRNA in race 1-inoculated roots was less than or equal to that in race 3-inoculated roots in 18 of 23 determinations. In most (six of seven) experiments, the peak amount of CHS mRNA in race 1-and race 3-inoculated roots fell between 4 and 8 h after inoculation, well before any symptoms of inoculation were visible. At 22 h, CHS mRNA amounts in race 1-and race 3-inoculated roots were 2-to 3-fold higher than in water inoculated controls.
Hydroxyproline-rich glycoprotein mRNA amounts were greater 11 of 14 times in race 1-than in race 3-inoculated roots (in four experiments). In 6 of 14 time points, HRGP mRNA in race 1-inoculated roots was at least double the amount in race 3-inoculated roots. The peak of the HRGP mRNA was between 4 and 8 h for DISCUSSION CHS mRNA amounts increase dramatically in soybean leaves vacuum-infiltrated with an avirulent strain of Psg, and these increases correlate well with race-specific resistance. In roots inoculated with zoospores of an avirulent or virulent race of Pmg, CHS mRNA increases similarly and does not correlate with race-specific resistance. In the same roots, changes in HRGP mRNA do appear to correlate with racespecific resistance. Calmodulin and ubiquitin mRNAs do not increase in leaves vacuum infiltrated with either an avirulent or virulent Psg race or in roots inoculated with an avirulent or virulent race of Pmg.
We expected to see a greater induction of CHS mRNA in resistant than in susceptible leaves, since soybean leaves inoculated with an avirulent race of Psg accumulate greater amounts of glyceollin than those inoculated with virulent races (1 1). Bhattacharyya and Ward (1) observed that resistant soybean leaves inoculated with Pmg zoospores accumulate greater amounts of glyceollin than susceptible leaves. HRGP mRNA has been observed to increase in plants after pathogen inoculation but, similarly to the results reported here, was not detected in leaves (25) .
We also expected to see a greater induction of CHS mRNA in resistant than in susceptible roots. Hahn et al. (9) observed significant glyceollin accumulation in resistant roots at 2 h after inoculation but not until 12 h in susceptible roots. Bonhoff et al. (2) detected threefold greater CHS activity in resistant than in susceptible roots at 9 h after inoculation with zoospores. Esnault et al. (7) have shown that the induction of CHS and HRGP mRNAs is greater in resistant than in susceptible etiolated hypocotyls inoculated with Pmg zoospores.
Instead, we observed a similar induction of CHS mRNA in Pmg race 1-and race 3-inoculated roots. The increase in CHS mRNA is real, as we observed no increase in mock inoculated controls. By comparing relative CHS mRNA amounts for Pmg race 1-and race 3-inoculated roots at each time point of each of seven experiments, we concluded that we could detect no consistent difference in the amount of CHS mRNA that correlated with the race of the pathogen. We were able to detect such differences for the amount of CHS mRNA in bacterial-inoculated leaves and for the amount of HRGP mRNA in Pmg-inoculated roots. Thus, within the accuracy of our assay, we conclude that the induction of CHS mRNA is the same in pathogen-inoculated roots whether the ultimate outcome of the interaction is susceptibility or resistance.
We have observed that the pattern of the induction of CHS mRNA in response to inoculation with virulent and avirulent races is different in roots and leaves. The induction of CHS mRNA in leaves fits with some of the current hypotheses of the defense response in plants (13) . The induction is greater in response to an avirulent race than to a virulent race. Our observations of the induction of CHS mRNA in the roots do not agree with the current hypotheses, because we see a similar response to either an avirulent or virulent Pmg race. What are some possible reasons that we have observed a different pattern of CHS mRNA induction in leaves and roots?
There are two categories of reasons, differences due to the experiments or analysis, and differences due to the biological roles of root and leaf. One obvious experimental difference is that we inoculated leaves with bacteria and roots with fungus. The same type of argument can be used to discuss differences in the transcription of CHS genes in response to pathogen inoculation. In legumes, CHS is a small gene family of six to eight members (23) . We used a CHS cDNA that would hybridize to the transcript from any soybean CHS gene. Differential induction of CHS genes has been observed in P. vulgaris (23) . If differential induction were occurring in soybean roots, a particular CHS gene could be highly induced in root cells exposed to race 1 zoospores, leading to the hypersensitive response. All the CHS genes may be slightly induced in root cells exposed to race 3 zoospores, which does not lead to the hypersensitive response. When RNA is isolated from the entire root and probed with the hybridization probe from the coding region, the induction in resistant and susceptible roots might appear the same. We are attempting to investigate these two possibilities of experimental grounds for the similarity of induction of CHS mRNA in the roots. We have isolated four CHS genes from soybean (10) and are identifying gene-specific regions to use as probes to analyze expression of each gene. We will also use these gene-specific probes in in situ hybridizations to determine the amount of expression of each CHS gene in different tissues and cell types in inoculated roots and leaves.
The other category ofreasons for the difference in induction of CHS mRNA depends on the difference in the role of the roots and leaves in interaction with microorganisms. Legume roots are in constant contact with microorganisms, both potential symbionts and potential pathogens. The aerial portions of the plants do not interact with microorganisms that form symbioses. Legume roots produce flavonoid signals to induce nodulation in Rhizobiun1 (12, 19) . Thus, the roots may have an inducible system inv lving CHS that is an initial step in the interaction with any microorganism whether it is a symbiont, a virulent pathogen, or an avirulent pathogen. Thus, the similar increases in CHS mRNA in roots after inoculation with race 1 or race 3 are a reflection of an induction of a screening response involving flavonoid signals rather than the defense response. Induction of CHS without a concomitant induction of glyceollin has been observed in soybean. For example, some elicitors cause increases in CHS activity and mRNA amount but little increase in glyceollin biosynthesis in soybean tissue culture cells (5) . In soybean roots inoculated with zoospores, an increase in the activity of dihydroxypterocarpan 6a-hydroxylase, an enzyme that catalyzes the production of the immediate precursor of glyceollin, is observed 6 h earlier in resistant than susceptible roots, while increases in CHS activity do not show such a distinct temporal difference (2). Thus, in these two instances, an increase in CHS activity did not closely correlate with glyceollin production.
